. Long-term functional improvement and gene expression changes after bone marrow-derived multipotent progenitor cell transplantation in myocardial infarction. Am J Physiol Heart Circ Physiol 298: H1348 -H1356, 2010. First published February 19, 2010 doi:10.1152/ajpheart.01100.2009The study examined the longterm outcome of cardiac stem cell transplantation in hearts with postinfarction left ventricular (LV) remodeling. Myocardial infarction (MI) was created by ligating the first and second diagonal branches of the left anterior descending coronary artery in miniature swines. Intramyocardial injections of 50 million LacZ-labeled bone marrowderived multipotent progenitor cells (MPC) were performed in the periscar region (Cell, n ϭ 7) immediately after MI, whereas, in control animals (Cont, n ϭ 7), saline was injected. Functional outcome was assessed monthly for 4 mo with MRI and 31 P-magnetic resonance spectroscopy. Engraftment was studied on histology, and gene chip (Affymetrix) array analysis was used to study differential expression of genes in the two groups. MPC treatment resulted in improvement of ejection fraction as early as 10 days after MI (Cell, 43.4 Ϯ 5.1% vs. Cont, 32.2 Ϯ 5.5%; P Ͻ 0.05). This improvement was seen each month and persisted to 4 mo (Cell, 51.2 Ϯ 4.8% vs. Cont, 35.7 Ϯ 5.0%; P Ͻ 0.05). PCr-to-ATP ratio (PCr/ATP) improved with MPC transplantation, which was most pronounced at high cardiac work states (subendocardial PCr/ATP was 1.70 Ϯ 0.10 vs. 1.34 Ϯ 0.14, P Ͻ 0.05). There was no significant difference in scar size (scar/LV area ‫ء‬ 100) at 10 days postinfarction. However, at 4 mo, there was a significant decrease in scar size in the Cell group (Cell, 4.6 Ϯ 1.0% vs. Cont, 8.6 Ϯ 2.4%; P Ͻ 0.05). No significant engraftment of MPC was observed. MPC transplantation was associated with a downregulation of mitochondrial oxidative enzymes and increased levels of myocyte enhancer factor 2a and zinc finger protein 91. In conclusion, MPC transplantation leads to long-term functional and bioenergetic improvement in a porcine model of postinfarction LV remodeling, despite no significant engraftment of stem cells in the heart. MPC transplantation reduces regional wall stresses and infarct size and mitigates the adverse effects of LV remodeling, as seen by a reduction in LV hypertrophy and LV dilatation, and is associated with differential expression of genes relating to metabolism and apoptosis.
STEM CELL TRANSPLANTATION has emerged as a potential therapy for limiting postinfarction left ventricular (LV) remodeling and the consequent development of congestive heart failure in both animal (1, 13, 15, 33) and clinical (2, 3, 12, 24, 31) studies.
Clinical studies have shown mixed results on LV function with stem cell therapy, with some showing benefit (3, 24, 31) and some no difference in LV ejection fraction (12, 14) . In the bone marrow transfer to enhance ST-elevation infarct regeneration study, the treated group showed significant short-term increase of LV ejection fraction at 6 mo, but, interestingly, no difference between the two groups was present at 18 mo (16) . Using a swine model of post-myocardial infarction (MI) LV remodeling, our laboratory recently reported that transplantation of bone marrow-derived multipotent progenitor cells (MPC) resulted in a significant improvement of cardiac function and correction of abnormal energy metabolism at 1 mo following transplantation (33) . However, the long-term effect after MPC treatment still needs to be defined. Dai et al. (6) showed, in a rat MI model, that allogenic mesenchymal stem cell (MSC) treatment led to an improvement in LV function 4 wk after transplantation, but this improvement was lost at 6 mo. However, they did find stem cell engraftment as late as 6 mo and showed that these cells expressed markers that suggested endothelium and muscle phenotypes (6) . Long-term studies of any stem cell type in large animal models of MI are relatively scarce.
The mechanisms underlying the beneficial effects of stem cell treatment are also not well defined. Our laboratory and others have demonstrated a very low engraftment rate and even lower cardiomyocyte differentiation rate a few weeks after bone marrow stem cell transplantation (11, 20, 33) . Therefore, the direct contribution of regenerated myocytes to the improved cardiac contractile function appears less likely. Dzau's group have shown a significant protection of stressed cardiomyocytes from apoptosis and consequent reduction in infarct size by injection of concentrated cell culture medium that was obtained from bone marrow-derived MSCs with overexpression of Akt, or by injection of MSCs themselves into the myocardium at the time of acute MI (8, 9, 20) . Thus the mechanisms underlying the long-term outcome after stem cell transplantation also require more elucidation.
The objectives of the present study are to determine the long-term functional and bioenergetic outcome after MPC transplantation in a clinically relevant porcine model of postinfaction LV remodeling and whether these effects are related to persistent long-term engraftment of MPC in the heart. We hypothesize that MPC transplantation leads to transient engraftment and secretion of factors that leads to long-term myocardial gene expression changes that contribute to the beneficial functional outcome.
MATERIALS AND METHODS
All experiments were performed in accordance with the animal use guidelines of the University of Minnesota, and the experimental protocol was approved by the University of Minnesota Research Animal Resources Committee. The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH publication no. 85-23, revised 1985) .
Study design. The study design is depicted in Fig. 1 . A total of 14 swine were randomized after MI to receive either 50 million stem cells (n ϭ 7) or saline only (n ϭ 7). The pigs were followed for a total of 4 mo after transplantation, with MRI occurring at baseline, 10 days, 1 mo, and then subsequently each month for 4 mo. At the end of the study, open-chest NMR spectroscopy was performed, and then, after death, histology and microarray analysis was done on the tissue samples.
Cell culture. Bone marrow-derived MPCs were expanded from one of the established swine multipotent adult progenitor cell lines generated in the laboratory of Drs. Verfaille and Zhang (33, 34) , as described in detail in the APPENDIX. The MPC cells have previously been shown to be able to differentiate to cells of different lineages (33) . Cells used for transplantation were Ͼ80% viable.
Animal model and stem cell delivery method. Sinclair miniswine (Sinclair Research Center) were used for this study. Sinclair pigs are research purpose bred and grow very slowly, which allowed us to follow these animals for the long term. These pigs have a shorter lifespan compared with humans, so 4 mo is equivalent to a longer follow-up in human years. The follow-up of 4 mo was also chosen because the bore size of the 4.7-T magnet for the magnetic resonance spectroscopy (MRS) studies limits us to perform these studies on larger animals. The postinfarction LV remodeling model was created as described before (10, 17) . Briefly, female Sinclair miniswine (5 mo age, ϳ15 kg) were anesthetized with pentobarbital (30 mg/kg iv), intubated, and ventilated with a respirator with supplemental oxygen. A left thoracotomy was performed, and the first and second diagonal branches of the left anterior descending artery were dissected free and permanently occluded with a ligature. The ischemic myocardial region became cyanotic in response to the coronary artery occlusion. MPCs were injected directly into five regions of the peri-infarct border zone (BZ) (10 million cells per location; 50 million total diluted in 2-ml saline). Injection sites were marked with a stitch to allow identification of the areas for histological studies. Animals in the placebo group received 2 ml of saline in five injections at similar BZ injection sites. Animals were observed in the open-chest state for 60 min. If ventricular fibrillation occurred, electrical defibrillation was performed immediately. The chest was then closed. Animals received standard postoperative care, including analgesia, until they ate normally and became active.
MRI methods. MRI was performed on a 1.5-T clinical scanner (Siemens Sontata, Siemens Medical Systems, Islen, NJ) using a phased-array four-channel surface coil and ECG gating, as previously described in detail (40) (see APPENDIX) .
Spatially localized 31 P-MRS technique. Spatially localized 31 P-NMR spectroscopy was performed using the rotating-frame experiment using adiabatic plane-rotation pulses for phase modulation (RAPP)-imaging-selected in vivo spectroscopy (ISIS)/Fourier series window (FSW) method (RAPP-ISIS/FSW), as previously described in details (18, 32, 36, 37) Surgical preparation for open-chest MRS study. Detailed surgical preparations for MRS study were published previously (10, 32, 33) and are described in detail in the APPENDIX. The 31 P and 1 H coils were placed in the periscar region 1 cm away from the infarct site and adjacent to the injection sites.
MRS study protocol and hemodynamic measurements. Hemodynamic measurements were acquired simultaneously with the NMR spectra. Aortic and LV pressures were measured using pressure transducers positioned at midchest level (32, 36, 37) and recorded on an eight-channel recorder. After all the baseline data were obtained, animals received combined dobutamine and dopamine infusion (20 g·kg Ϫ1 ·min Ϫ1 each) to induce a very high cardiac work state. After waiting for ϳ5 min after the initiation of catecholamine infusion, all of the spectroscopic and hemodynamic data were again measured under the high cardiac work states.
Tissue preparation. Myocardial drill biopsies from BZ and remote zone were taken with a precooled biopsy drill and quickly (within 5 s) frozen in liquid nitrogen (18, 32, 36, 37) for subsequent microarray analysis. BZ tissue samples were taken at least 3 mm away from the edge of the infarct to avoid contamination with scar tissue. The remainder of the LV was sectioned in a bread-loaf manner into six transverse sections (ϳ10 mm in thickness) from apex to base. Even rings were subdivided into 12 circumferential specimens and fixed in zinc fixative (Anatech, Battle Creek, MI) for hematoxylin and eosin, immunofluorescence staining, and engraftment evaluation.
Engraftment evaluation. Each of the 12 pieces of cardiac tissue of a short-axis ring were stained by X-gal (Invitrogen) and embedded in Tissue-Tek OCT (Fisher Scientific). Serial cryostat sections (10 m in thickness) were obtained from the whole transverse even rings. Engrafted MPCs were identified by counting the X-gal-positive nuclei in every 10th serial section of the whole transverse ring and then multiplying by 10 to obtain the total number of engrafted MPCs per ring. The total number of engrafted MPCs equals twofold x-gal staining positive cells in all three even rings. The engraftment rate of transplanted MPCs was calculated by dividing the total number of engrafted MPCs by 50 ϫ 10 6 (the number of MPCs injected) and multiplying by 100%.
RNA isolation. Tissue was placed in TRIzol reagent and homogenized using a rotor-stator homogenizer. Homogenates were transferred to a Phase Lock Gel Heavy tube (Eppendorf), chloroform was added, and the mixture was centrifuged. Supernatants were collected, and isopropanol was added to precipitate the RNA. The RNA pellet was washed with 80% ethanol, then air-dried, before being dissolved in 100 l of RNase-free H2O. RNA was further purified using the RNeasy Mini protocol, according to the manufacturer's directions (Qiagen). The integrity of each RNA sample was validated using an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA) to measure the ratio of 28s/18s ribosomal RNA.
Double-stranded cDNA synthesis. Total RNA of 5 g was used in the synthesis of double-stranded cDNA based on Affymetrix protocol with a T7-(dT) 24 primer and 200 U/l of SuperScript II RT. Secondstrand synthesis was performed, according to the manufacturer's directions.
In vitro transcription-synthesis of biotin-labeled cRNA. Biotinlabeled RNA targets were obtained by using the Enzo BioArray High Yield RNA Transcript Labeling Kit via in vitro transcription from bacteriophage T7 RNA polymerase promoters, according to the manufacturer's directions (Enzo). The cRNA was then fragmented, according to the Affymetrix protocol. Quality and fragmentation of cRNA was confirmed with gel electrophoresis.
Target hybridization and probe array wash and stain. Hybridization cocktail for single standard probe array (Porcine Genome Array, Affymetrix) was made by mixing 15 g of fragmented cRNA with control oligonucleotide B2, 20ϫ eukaryotic hybridization controls, herring sperm DNA (10 mg/ml), acetylated BSA (50 mg/ml) 2ϫ hybridization buffer, and RNase-free water. Hybridization was performed in our Affymetrix Core Facility.
Microarray data analysis. Array data were normalized using GC-RMA method using gene data refiner software. Significance analysis of microarrays (28) was used to identify probes whose expression was modified following stem cell transplantation and showed a fold change Ͼ1.7 and a false discovery rate of Ͻ20%. Probes were mapped to human genes using the annotation described by Tsai et al. (27) . Normalized and raw data are available at GEO under the entry GSE14643 (http://www.ncbi.nlm.nih.gov/geo/).
Data analysis. Data were analyzed with repeated-measures ANOVA. A value of P Ͻ 0.05 was considered significant. The Bonferroni correction for significance level was used to take into account multiple comparisons. All statistical analyses were performed in Sigmastat version 3.5 (San Jose, CA). All results are presented as mean Ϯ SD, unless otherwise specified. The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the paper as written.
RESULTS
Anatomic data. The anatomic data for the 14 swine are summarized in Table 1 . MPC transplantation resulted in a significant decrease in LV hypertrophy (LVH), as reflected by a decrease in LV weight/body weight (2.86 Ϯ 0.12 vs. 3.33 Ϯ 0.16, P Ͻ 0.05) and right ventricular weight/body weight (1.03 Ϯ 0.08 vs. 1.34 Ϯ 0.10, P Ͻ 0.05) in the cell-treated pigs compared with the saline-treated pigs after 4 mo.
Hemodynamic data. The hemodynamic data at baseline and at increased workload are summarized in Table 2 . Inotropic stimulation caused a significant increase in the heart rate, mean aortic pressure, and LV systolic pressure and, consequently, rate pressure product. However, there was no significant difference between the swine with cell treatment vs. swine without cell treatment.
Functional data. The temporal changes in ejection fraction as measured by MRI are depicted in Fig. 2 . There was no significant difference between the two groups at baseline. However, the cell-treated group showed a significant improvement in ejection fraction, which was seen as early as 10 days (43.4 Ϯ 5.1 vs. 32.2 Ϯ 5.5%, P Ͻ 0.05) after MPC transplantation and persisted up to 4 mo (51.2 Ϯ 4.8 vs. 35.7 Ϯ 5.0%, P Ͻ 0.05). In addition, the MPC treatment resulted in reduction of the LV dilatation seen at 4 mo after MI in the saline-treated animals, as depicted by significantly lower LV end-diastolic (16.9 Ϯ 1.8 vs. 22.2 Ϯ 4.8 ml, P Ͻ 0.05) and LV end-systolic volume (8.9 Ϯ 2.3 vs. 14.1 Ϯ 2.5 ml, P Ͻ 0.05) in the MPC-treated group at 4-mo follow-up (Table 3 ). The initial scar size was similar at 10 days in both groups; however, there was a significant decrease in scar size in the MPC-treated animals from 10 days to 4 mo (4.6 Ϯ 1.0% at 4 mo vs. 8.3 Ϯ 1.5% at 10 days, P Ͻ 0.05), which was also significantly smaller than the scar size in control animals at 4 mo (4.6 Ϯ 1.0 vs. 8.6 Ϯ 2.4%, P Ͻ 0.05) (Fig. 3) .
Myocardial high-energy phosphate and P i levels. Myocardial high-energy phosphate (HEP) and P i levels are reflected by the PCr/ATP, as shown in Table 4 . The subendocardial and subepicardial myocardial PCr/ATP are significantly higher at 4 mo in the pigs treated with MPC compared with those without treatment. After increased workload, the PCr/ATP decreased in both groups, but was still significantly higher in the cell-treated pigs. No deoxymyoglobin resonance peak was detected in either groups using 1 H-MRS, which supports our previous findings that the bioenergetic abnormalities in hearts with postinfarction LV remodeling are not caused by a persistent myocardial ischemia (18) .
Cell engraftment. There was no engraftment of MPC observed at 4 mo after transplantation in any of the cell-treated animals.
Microarray analysis. As there was no long-term engraftment, it was postulated that the MPC engraft transiently after transplantation and exert a paracrine effect by secretion of factors that may lead to long-term gene expression changes that may ultimately lead to improved long-term outcome. Gene expression profiles were collected from seven MPC-treated animals and six control animals (one animal did not have quality RNA for array analysis) using the Affymetrix Porcine Gene chip array containing over 23,000 probe sets. Significance analysis of microarrays identified a number of genes that were differentially expressed in the heart of the MPC-treated animals (Fig. 4) . There were 41 genes that were downregulated after MPC transplantation and 11 genes that were upregulated (Table 5 ). There was downregulation of several mitochondrial oxidative enzymes, including three different subunits of complex I of the respiratory chain, which were decreased by 0.59-, 0.58-, and 0.57-fold, respectively. The levels of zinc finger protein 91 [ZFP91; a member of the zinc finger family of proteins associated with ciliary neurotrophic factor (CNTF)] were increased by 3.62-fold. Similarly, myocyte enhancer factor 2a (MEF2a) was upregulated by 1.7-fold.
DISCUSSION
The present study demonstrates that MPC transplantation leads to long-term functional and bioenergetic improvement in a clinically relevant porcine model of postinfarction LV remodeling, despite no significant engraftment of MPCs at 4 mo in the heart. Stem cell transplantation resulted in an overall improved long-term remodeling of the LV following MI, with a decrease in LVH and amelioration of LV dilatation. This was associated with a reduction in scar size at 4 mo. MPC transplantation also resulted in long-term differential expression of genes, which included a downregulation of mitochondrial oxidative enzymes and upregulation of MEF2a and ZFP91.
Long-term improvement in ventricular function. The present study unequivocally demonstrates that MPC transplantation leads to long-term improvement in ventricular function in a large preclinical animal model. This is an important finding, as clinical studies have shown mixed outcomes after stem cell transplantation, with some showing benefit (3, 24, 31) , and some no difference in LV ejection fraction (12, 14) . In the bone marrow transfer to enhance ST-elevation infarct regeneration study, the treated group showed significant short-term increase of LV ejection fraction at 6 mo, but, interestingly, no difference between the two groups was present at 18 mo (16) . Similarly, in a rat model of MI, allogenic MSC treatment led to an improvement in LV function 4 wk after transplantation, but this improvement was lost at 6 mo (6). In the present study, MPC transplantation also mitigated the adverse long-term Myocardial energetics. Postinfarction LV remodeling is associated with decreased HEPs, PCr/ATP, and expression of several proteins crucial to oxidative ATP production, and these abnormalities are most severe in the BZ (10). Our study confirmed these reports and showed that these abnormalities are worse in the subendocardial layers and further worsened during catecholamine stimulation-induced high-cardiac work state (Table 4) . Previously, our laboratory has shown improvement in myocardial energetics 1 mo following MPC transplantation, which is related to reduction in wall stress and consequent improvement in the mismatch of energy delivery and demand (33) . In the present study, we demonstrate that this improvement in myocardial energetics persists up to 4 mo after transplantation (Table 4) .
In hearts with cardiac hypertrophy, we have previously reported that myocardial PCr/ATP is significantly decreased, which is linearly related to the severity of hypertrophy and LV dysfunction and is independent from a persistent myocardial ischemia (35) (36) (37) 39) . These LVH hearts are also associated with a significant lower myocardial total creatine level (36 -39) , which, in principle, can cause the reduction of the myocardial creatine phosphate level. In the heart, creatine is not synthesized in myocytes and is taken up by the cell via the creatine transporters against a significant concentration gradient (25, 29) . The reduction of myocardial total creatine content in the LVH hearts was found to be caused by the decrease of myocardial creatine transporter (25, 29) . In the present study, we do not have direct evidence on whether the improvement of the PCr/ATP is accompanied by the increase of myocardial total creatine content or creatine transporter protein expression.
Lack of long-term engraftment of MPCs. The functional and bioenergetic improvement occurred, despite no long-term engraftment of stem cells in pig hearts at 4 mo. Our laboratory has previously shown that there is a very low engraftment rate and even lower cardiomyocyte differentiation rate 1 mo following MPC transplantation (33) . Thus it seems that there is transient engraftment of MPCs in the myocardium, which decreases with time and is not present at 4 mo. This conclusion is supported by other groups that have found transient engraftment of MSCs with very little differentiation as early as 3 days after transplantation in a mice model of MI (20) . In contrast, Amado et al. have shown that MSC transplantation in a porcine model of MI led to engraftment of these cells at 2 mo, which was associated with a decrease in scar size and improvement in LV function (1) . In a rat model of MI, MSC engraftment was seen up to 6 mo follow-up (6). These cells expressed musclespecific markers but did not fully differentiate into a cardiac phenotype. In another study, intravenous injection of human MSC in a mice MI model resulted in functional improvement with no engraftment in the heart after 3 wk (11) . These data support the conclusion of the present study that host myocardial structural (Fig. 3) and genomic expression changes (Table  5) are associated with the observed chamber functional improvements (Fig. 2) . Our laboratory has also previously shown an increase in vascular density in the BZ 1 mo following cell transplantation (30) .
Effect of cell transplantation on infarct size. Sequential MRI functional assessment allowed us to conclude that the infarct size in swine treated with MPC decreased from 1 wk to 4-mo interval, while the scar sizes in swine without MPC treatment were maintained throughout the follow-up (Fig. 3) . This reduction in scar size with stem cell treatment has been seen previously in other reports (1, 9) . The beneficial effects of MPC transplantation could be related to MPC differentiation into cardiomyocytes (23) or mobilization of endogenous progenitors to the injury site by paracrine effects (9). As we did not observe any engraftment of MPCs at 4 mo, the functional and bioenergetic improvements are likely secondary to paracrine effects that may include sparing of native cardiomyocytes from apoptosis.
Downregulation of mitochondrial oxidative enzymes. MPC transplantation was associated with downregulation of several different subunits of the respiratory chain ( Table 5 ). The LV dysfunction of failing hearts is associated with the oxidative stress caused by the excess of reactive oxygen species production in the cytoplasm and the electron transport chain of mitochondria in myocytes (26) . In the present study, the observed reduction of several different subunits of the respiratory chain oxidative enzyme (Table 5) in hearts with the Fig. 4 . Heat map showing all differentially expressed transcripts found using Affymetrix array analyses of heart tissue, with and without exposure to stem cells. Expression levels are normalized to the average value of the untreated heart tissue and are log transformed. The names associated with each probe are the human names obtained from the annotation described in the MATERIALS AND METHODS section. The probe names can be found in Table 5 . Normalized and raw data are available at GEO under the entry GSE14643 (http://www.ncbi.nlm.nih.gov/geo/).
MPC transplantation may result in the reduction of the oxidative stress, which could in turn, reduce the myocardial apoptosis that we have observed recently using the same cell type for the transplantation and same animal model (30) .
Our laboratory has previously reported that LV bulging at infarct zone was accompanied by a significant increase of regional LV wall stress at the infarct zone and peri-infarct BZ (10). This particular increase of regional wall stresses and its associated severe bioenergetic abnormality were significantly ameliorated by the MPC transplantation (7, 33) . In the present study, we reasoned that the decrease of LV bulging at LV scar area resulted in reduction of the regional wall stress and energy demand, which, in turn, resulted in the differential expression of several different subunits of the respiratory chain enzymes (Table 5) .
Increased levels of ZFP91. ZFP91 is a member of the zinc finger family of proteins, and its expression was increased by 3.62-fold. Apart from the monocistronic transcript originating from this locus, a cotranscribed variant composed of ZFP91 and CNTF sequence has been identified. CNTF promotes survival and decreases apoptosis in neurons and islet cells and has also been shown to reverse cardiac hypertrophy in mice (21, 22) .
Upregulation of MEF2a. The expression of MEF2a was increased by 1.7-fold in our present study. MEF2a is the predominant MEF2 gene product expressed in postnatal cardiac muscle. MEFs play an important role in myogenesis (4). MEF2a is also important for maintaining appropriate mitochondrial content and cyto-architectural integrity in the postnatal heart (19) . We postulate that MPC treatment may cause an activation of endogenous cardiac stem cells, and MEF2a may play a role in their differentiation into cardiomyocytes.
In summary, the present study demonstrates that MPC transplantation leads to long-term functional and bioenergetic improvement in a porcine model of postinfarction LV remodeling, despite no significant engraftment of stem cells in the heart. MPC transplantation also mitigates the adverse effects of LV remodeling, as seen by a reduction in LVH and LV dilatation. These beneficial effects are accompanied by a significant reduction in infarct size. It was also shown that MPC transplantation results in differential expression of certain genes, including mitochondrial oxidative enzymes, ZFP91, and MEF2a, which may play a role in long-term functional improvement after transplantation.
APPENDIX
Cell culture. Bone-marrow derived MPCs were expanded from one of the established swine multipotent adult progenitor cell lines generated as described previously in detail (34) . MPCs at population doubling 80 (approximately population doubling 70) were transduced with a LacZ retrovirus (RV) supernatant [LacZ RV supernatants were generated by cotransfection of pVSV-G retroviral vector (BD Biosciences) and pCL-MFG-LacZ RV packaging vector (Imgenex) using the calcium phosphate method (BD Bioscience, K2051-1) in GP-293 cell line (BD Bioscience)]. Large-scale expanded and LacZ-transduced cells expressed low to nondetectable Oct-4 mRNA. These MPCs have previously been shown to differentiate along different cell lineages (33) .
The transduced swine cells were expanded using the following methods. Cells were cultured in 60% DMEM-low glucose/40% MCDB-201 supplemented with 1ϫ insulin transferrin selenium, 0.5ϫ linoleic acid-BSA, 0.1 mM L-ascorbic acid 2-phosphate, 100 U penicillin, 1,000 U streptomycin, 50 nM dexamethasone, and 2% prescreened FBS with 10 ng/ml each human PDGF-BB and human EGF and passaged every 2-3 days through removal of the growth media and addition of 5 ml 0.25% trypsin per T150 flask. After the flask was rocked to coat the bottom of the flask with trypsin, the cells were incubated at room temperature for 1 min. Each flask was tapped lightly, and 1 ml of FBS was then added. Cells were removed, and cells were combined into a 50-ml conical tube. Flasks were rinsed with 10-ml PBS, and this volume was added to cells. Cells were pelleted through centrifugation at 400 g for 5 min, and, after removal of the supernatant, the cells were resuspended in 1 ml of complete medium and counted using a hemacytometer. Flasks were routinely seeded at 500 cells/cm 2 in flasks coated with 10 ng/ml fibronectin A with 10 ml media per T150 flask. After an initial placement of the flasks at 37°C, 5.5% CO 2 overnight, the media was removed and replaced with fresh media, and cells were incubated another 2 days before passaging.
MPCs were harvested, centrifuged, and resuspended at 10 million cells/1 ml cryopreservation solution that consists of 70% growth media, 20% FBS, and 10% DMSO in 1 ml cryovials. Cells were frozen at ϳ1°C/min to Ϫ80°C and transferred into liquid nitrogen for long-term storage until implantation. To thaw MPCs before grafting, basal media (expansion media without PDGF-BB, EGF, FBS, and penicillin/streptomycin) was prewarmed to 37°C, and 9 ml of the warmed media were placed into a 15-ml conical centrifuge tube. Vials of frozen MPC were thawed in a 37°C water bath for ϳ1 min, after which cells were transferred to the prewarmed medium. The cell number was counted to reach 50 million by hematocytometer and Trypan blue was used to check cell viability during the counting. MPC were washed by 2ϫ PBS, spun down at 400 g for 5 min, and resuspended in 2 ml saline. A small fraction of cells were replated in a T-150 flask to check the cell viability and percentage of LacZpositive cells. Cells used for transplantation were Ͼ80% viable.
MRI methods. MRI was performed on a 1.5-T clinical scanner (Siemens Sontata, Siemens Medical Systems, Islen, NJ) using a phased-array four-channel surface coil and ECG gating. Animals were anesthetized with 1% isoflurane and positioned in a supine position within the scanner. The protocol consisted of 1) localizing scouts to identify the long-and short-axis of the heart; 2) short-and long-axis cine for the measurement of global cardiac function; and 3) delayed contrast-enhancement for the assessment of scar size. Steady-state free precession "True-FISP" cine imaging used the following MR parameters: repetition time (TR) ϭ 3.1 ms, echo time (TE) ϭ 1.6 ms, flip angle ϭ 79°, matrix size ϭ 256 ϫ 120, field of view ϭ 340 mm ϫ 265 mm, slice thickness ϭ 6 mm (4 mm gap between slices), and 16 -20 phases were acquired across the cardiac cycle. Global function and regional wall thickness data were computed from the short-axis cine images using MASS (Medis Medical Imaging Systems, Leiden, The Netherlands) for the manual segmentation of the endocardial and epicardial surfaces at both end-diastole and end-systole from base to apex. Short-axis turboFLASH imaging, from base to apex, used TR ϭ 16 ms, TE ϭ 4 ms, inversion time ϳ 220 ms, flip angle ϭ 30°, matrix size ϭ 256 ϫ 148, field of view ϭ 320 mm ϫ 185 mm, slice thickness ϭ 6 mm (0 mm gap between slices), and two signal averages. The appropriate inversion time was chosen to adequately null the signal intensity of normal myocardium. Infarct size was calculated from the delayed contrast-enhanced images using MASS to manually segment regions of nonviable tissue. Infarct size was calculated as the ratio of the total scar area to the total LV area.
Spatially localized 31 P-MRS technique. Magnetic field shimming to improve the magnetic field homogeneity of the heart was achieved by the "auto-shim" scheme (Varian). Spatially localized 31 P-NMR spectroscopy was performed using the RAPP-ISIS/FSW method (18, 32, 36, 37) , which is the rotating-frame experiment using the adiabatic plane-RAPP-ISIS/FSW method. Detailed experiments documenting voxel profiles, voxel volumes, and spatial resolution attained by this method have been published previously. In this application of RAPP-ISIS/FSW, the signal origin was first restricted to a 12 ϫ 12-mm two-dimensional column perpendicular to the LV wall. The signal was later localized into three well-resolved and five partially resolved layers along the column and, hence, across the LV wall. Localization along the column was based on B1 phase encoding and employed a nine-term FSW, as previously describe (18, 32, 36, 37) . The phaseencoded data were used to generate a voxel or a "window" that can be shifted arbitrarily by post-data-acquisition processing along the phaseencode direction (in this case, perpendicular to the surface coil and thus the heart wall); consequently, voxels were generated at different distances or "depths" from the outer LV wall. However, we normally present five voxels centered about 45, 60, 90, 120, and 135°phase angles, as previously described. There is absolutely no overlap between the 135°voxel (corresponding to the subepicardium) and the 45°voxel (corresponding to the subendocardium). Whole wall spectra were obtained with the ISIS technique, defining a column 12 ϫ 12 mm 2 perpendicular to the heart wall. The calibration of spectroscopic parameters was facilitated by placing a polyethylene capillary filled with 15 l of 3 M/l phosphonoacetic acid into the inner diameter of the surface coil. This phosphonoacetic acid standard was used only for calculating the 90°pulse length of the RAPP-ISIS method (18, 32, 36, 37) . The position of the voxels relative to the coil was set according to the B 1 strength at the coil center, which was experimentally determined in each case by measuring the 90°pulse length for the phosphonoacetic acid standard contained in the reference capillary at the coil center. NMR data acquisition was gated to the cardiac and respiratory cycles using the cardiac cycle as the master clock to drive both the respirator and the spectrometer, as previously described (18, 32, 36, 37) . The surface coil was constructed from a single-turn copper wire, 25 mm in diameter, with each side of the coil leads soldered to a 33-pF capacitor. Complete transmural data sets were obtained in 10-min time blocks using a repetition time of 6 -7 s to allow for full relaxation for ATP and P i and ϳ95% relaxation of the PCr resonance (18, 32, 36, 37) . The ratios of PCr to ATP (PCr/ATP) were calculated for each transmurally differentiated spectra set, as previously described (18, 32, 36, 37) . All resonance intensities were quantified using integration routines provided by the SISCO software.
1 H-NMR spectroscopy technique. 1 H-NMR methods have been previously reported in detail (5, 18) . In brief, radio-frequency transmission and signal detection were performed with the dually tuned 28-mm-diameter surface coil. A single-pulse-collection sequence with a frequency selective Gaussian excitation pulse (1 ms) was used to selectively excite the N-␦ proton resonance signal of the proximal histidine in deoxymyoglobin (Mb-␦). This technique provided sufficient water suppression due to the large chemical shift difference between water and Mb-␦ (Ͼ14 kHz). The NMR signal was optimized by adjusting the radio-frequency pulse power using the water signal as a reference. A short TR (25 ms) was used due to the short T1 of Mb-␦. Each spectrum was acquired in 5 min (10,000 free induction decays). Although the short T1 of Mb-␦ and fast acquisition prevent gating to the cardiac cycle, the signal loss due to motion is negligible compared with the inherently broad line width of the Mb-␦ peak.
Surgical preparation for open-chest MRS study. Detailed surgical preparations for MRS study were published previously (10, 32, 33) . Briefly, animals were anesthetized with pentobarbital (30 mg/kg followed by a 4 mg·kg Ϫ1 ·h Ϫ1 iv), intubated, and ventilated with a respirator and supplemental oxygen. Arterial blood gases were maintained within the physiological range by adjustments of the ventilator settings and oxygen flow. Heparin-filled polyvinyl chloride catheters (3.0 mm outer diameter) were inserted into the ascending aorta and inferior vena cava. A sternotomy was performed, and the heart was suspended in a pericardial cradle. A third heparin-filled catheter was introduced into the LV through the apical dimple and secured with a purse-string suture. A 25-mm-diameter NMR surface coil was sutured onto the anterior wall of the LV adjacent to the infarct region. The pericardial cradle was then released, and the heart was allowed to assume its normal position in the chest. The surface coil leads were connected to a balanced-tuned external circuit, and the animals were positioned within the magnet. Hearts with postinfarction LV remodeling are very sensitive to alterations of loading conditions of the LV, and that subtle differences in LV end-diastolic pressure or LV systolic pressure could affect myocardial contractile performance measurements. To compensate for insensible fluid loss in the open-chest studies, we routinely administer saline at rate of 1 ml/min iv during the entire experimental data acquisition. Ventilation rate, volume, and inspired oxygen content were adjusted to maintain physiological values for arterial PO2, PCO2, and pH. Aortic and LV pressures were monitored continuously throughout the study. Hemodynamic measurements were acquired simultaneously with the 1 H-and 31 P-MR spectra.
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